This study deals with the economy of agricultural production, specifi cally in animal farming. The main goal is to fi nd and apply an effi cient simulation model of pig breeding process in order to investigate the impact of various changes in the production settings on the economy of a particular pig breeding. For this reason, it is necessary to take values given in the study as model ones. Costs at particular parts of the breeding process were used as the main simulation inputs, together with number of parities, length of farrowing interval, number of weaned piglets depending on a parity number, lactation length, and the gestation length of sows. Additional inputs were price of produced piglets, price of insemination doses etc. Statistical distributions for the simulations of the inputs were obtained with theoretical curve fi tting of sample data, which were provided from research projects focused on piglet production effi ciency. The empirical distribution of sow profi tability depending on the number of parities, which can help to decide about the culling of sows from the herd, was also determined in the research. A simulation was performed using the program @RISK. The obtained results and recommendations are discussed at the end of the paper.
INTRODUCTION
Many authors have dealt with the economy of piglet production farms, e.g. Kleinhanss (2009) , Pelletier et al. (2010) , Boudný and Špička (2012) . The key factors of economy of piglet production system can be divided into two groups -exogenous and endogenous. Exogenous factors, such as the price of feeding, the price of energy and the price of pork meat, can be infl uenced negatively. In contrast, the endogenous factors can be managed with success.
Reproductive performance of the sow herd is the key factor in controlling the effi ciency of swine production. Improvements in sow productivity will be achieved by a combination of measures, which include reductions in non-productive days through better management of the insemination step, timely introduction of gilts and culling of barren sows. Very important is having trained and skilled stock people.
Some management practices, such as feeding strategy of breeding gilts, housing conditions of sows, method of oestrous stimulation and storage duration of semen, have an infl uence on the outcome of reproductive parameters such as weaning-tooestrous interval and percentage of repeat breeders. These practices can be implemented rather easily by pig producers and may consequently lead to improvements of reproductive performance (de Jong et al., 2013) .
On average gilts attain puberty at about 6-7 months of age. Age at first mating in gilts is o en about 6 weeks later than age at puberty. Age at first mating of the gilts was influenced by breed, birth month, birth litter size, birth parity, growth rate and backfat thickness (Tummaruk et al., 2000) . The results showed that the age at the fi rst mating below 221 days and beyond 250 days negatively aff ected the performance records. The age at the fi rst mating seems to be less important for the sow performance a er the second parity (Babot et al., 2003) .
Litter size, the most important reproduction trait from an economic point of view, is included in many pig breeding programmes. In practice, however, considerable problems are associated with other reproduction traits, such as weak oestrous symptoms or high piglet mortality (Rydhmer, 2000) .
Non-productive sow days measured as weaningto-fi rst service interval (WSI) is an economically important trait in commercial swine production. A reduction in WSI would increase effi ciency and decrease production costs (Chansomboon, 2009) .
The capacity to return to oestrus following weaning, the onset of puberty and the ability to conceive and maintain pregnancy are aff ected by some factors: season, lactation length, daily feed intake, parity number (Kaplon et al., 1991) . A total of 77.2% of females showed oestrus between 3 and 5 days post-weaning (Poleze et al., 2006) . Total litter size decreased for about 0.71 piglet when WSI duration was longer than 4 days (Karveliene et al., 2008) .
The farrowing interval was genetically favourably correlated with length of productive life, age at fi rst farrowing and number of piglets weaned at fi rst farrowing (Serenius and Stalder 2004) . The mean farrowing interval was 140.9 + 5.7 days, with a 4.0% coeffi cient of variation. Variance analysis showed no eff ect of either year, season of farrowing or herd on the farrowing interval. The boar eff ect was not important for the farrowing interval, but the dam represented an important source of variation (Neto et al., 2009) .
Piglet production is intimately related to the reproduction process of sows and many diff erent factors other than feeding may aff ect the fi nal results. Hence, the increasing number of new variables and constraints aff ecting piglet production make diffi cult to explore all possible management alternatives to fi nd the best one. Therefore, sow herd management models can play an important role to optimise management alternatives or to explore new ones (Rodriguez-Sanchez et al., 2012) .
Herd management is the process by which certain goals of the farm manager, expressed as amount of product, are achieved by consuming a corresponding amount of production factors. In order to be able to combine these factors in an optimal way it is necessary to know the main interrelations among them and their infl uence on the fi nal productivity of the system. The challenge of the livestock modeller is to represent what is essential in the system in order to fi nd relevant answers from a problematic situation that may initially seem chaotic (Plà, 2007) .
The optimal replacement policy of sows is described by Rodriguez et al. (2011) . Plà et al. (2003) have developed a production model using Markow chains and Semi-Markow chains (Plà et al., 2009) . A review of mathematical models for sow herd management is described by Plà (2007) . Usage of stochastic process models in sow herd management is dealt with by Marín et al. (2005) . Simulation model, which includes comparison of economic performance of two breeds of sows, was introduced by the authors in the article Friebel et al. (2013) . The relation between culling rate and production effi ciency in nucleus herd is assessed in Houška (2009) .
In this study, we focused on the distribution of time spent by farrowing batches at diff erent parts of the production process during farrowing interval. Because of the stochastic character of animal reproduction, we have developed a stochastic simulation model covering costs and incomes arising during the whole reproductive cycle.
MATERIAL AND METHODS
Stochastic analysis of the pig breeding process had to work under the circumstances of a model farm. However, the simulation model is designed to be applicable in any pig breeding company operating under condition of batch management.
The pig breeding process is depicted in Fig. 1 . At the top of Fig. 1 , we can see the time axis.
Total capacity of the model farm (581 sows) is divided into fi ve particular sections -facilities. Capacity of particular facilities is given in Tab. I.
Because the duration of reproduction cycle is biologically set, we can only change the lactation length. However, the possible change of the above mentioned stage has to be ethologically admissible. For the purpose of simulation model we considered minimal weaning interval of 21 days, which is also minimal lactation interval.
The second parameter of the pig breeding process which can be successfully changed and which has a great economic impact is the culling policy. At Czech farms is typical that the sows are culled for the health reasons (in our reference farm 68%) and the number of farrowing is not limited as in the other countries. Keeping the ineffi cient sows from the point of view fertility in reproduction process has an undesirable impact on the economy of the whole farm.
Ineffi ciency of the sows can be assessed from the point of view of pregnancy, fertility and veterinary costs.
Pregnancy is evaluated with a number of insemination and oestrus which are needed for becoming pregnant in the particular reproduction cycle. During the fi rst and second reproduction I: Capacity of sections
Facility Capacity
Breeding 165
Gestation 286
Farrowing 130
Gilts acclimatization 40
Piglet rearingcycle, it is possible to tolerate a higher number of inseminations; typical are three or four attempts.
In the third and the next reproduction cycle, the number of possible insemination falls to two or three. It means unless the sow become pregnant a er the second oestrus, it is culled from herd. In our study, we defi ned a critical value of oestrus for each reproduction cycle as an element of vector of pregnancy -a. This vector has got nine elements, because we consider nine reproduction cycles in maximum for the reasons stated below. Fertility is the next important culling reason. It is represented with the number of weaned piglets. At the fi rst farrowing, there should be at least seven weaned piglets, otherwise the sow is culled. For the next farrowing, the required number of the weaned piglets increases to nine. It is possible to concede a lower number of piglets a er the fourth or fi h reproductive cycle. In our study, we defi ned a critical (minimal) value of weaned piglets for each reproduction cycle as a component of fertility vector -b.
Veterinary reasons have the great impact on the economy of whole production. There is not simple to include those costs into the simulation model. In this study, diff erences between particular stages of the reproductive cycles are provided with an inclusion of diff erent veterinary costs at diff erent production facilities. Veterinary costs change periodically not only during the reproduction cycle, but they also increase with the age of the sow. Therefore, it is not economically advantageous to keep sows in production too long. The next reason for culling the sows a er reaching a particular age is the decreasing fertility (the number of weaned piglets) with increasing age. Hence a general critical age for culling sows is needed to be set. This age has to be adjusted in the whole reproduction cycles, accordingly as a maximal number of farrowing, in our study represented with a parameter l.
The change of both the weaning time and the culling rules has a great impact on distributions of sows at particular facilities. To change internal dispositions of a real farm may be diffi cult, thus possible changes, especially of the pregnancy rules, are limited.
Data
The reference data fi le included 1431 records of Czech Landrase (CL) sows. Each record included the birth date, date of culling, reason for culling, date of farrowing, date of weaning, number of weaned piglets in each litter, birth weight, litter weaned weight, number of insemination during farrowing interval, etc. The data had to be processed in order to gain necessary simulation inputs see below.
Structure of the Herd
The herd structure is a crucial parameter which infl uences the total effi ciency of piglet production. This indicator is primarily given by the veterinary conditions at the farm. The secondary impact is the culling policy depending on effi ciency of sows. The structure of the herd is depicted in Tab. II.
Costs Analysis
Total costs of sow farming have to include costs connected with purchasing of a sow, its integration into a herd, so called the acclimatisation phase. Moreover, the model includes costs connected with insemination and costs expended during the reproduction cycle. Regarding the intensity, these 1: Reproduction diagram* *A -oestrus, insemination, B -detection of pregnancy, C -herd completion, D -detection of heat, E -movement do gestation facility, F -movement to farrowing facility, G -farrowing, H -weaning of piglets, I -movement to breeding facility,  disinfection of particular facility costs are the highest in farrowing facilities primarily because of the high consumption of feed and energy. The model also includes costs expended on piglet rearing before their expedition.
The highest costs occur in the lactation facility. The level of costs here is about 200% higher than elsewhere. The costs do not increase in a linear way and therefore a cost function is used which is closely connected with feeding doses per sow in a farrowing facility per new-born piglets.
In order to achieve as an accurate model as possible, the costs in particular phases of the production cycle are described by cost functions, whose argument is the time spent on particular stands. The cost functions include veterinary costs (vaccination, deworming, and disinfection of facilities), energy costs (lighting, operation of automatic feeding systems, ventilation, heating etc.), water costs and wages. This part of the cost functions are for the given phase of the reproduction cycle constant, but they diff er signifi cantly from each other, see Tab. III. This is caused primarily by a diff erent arrangement of particular farming parts given by diff erent needs of sows during the reproduction cycle.
The cost functions include also feeding costs which diff er not only from the point of view of particular phases of the reproduction cycle, but also during the stay of a sow and its piglets in a given stand as a feeding dose changes. The feeding dose changes more signifi cantly in farrowing facilities, see below.
The fi rst operation cost of the commercial herd is purchasing a sow. For the model use, we calculate the price to be CZK 6,000. These new sows need to be acclimatised before they are integrated into the herd. The construction of the cost function for the acclimatisation stay of the newly purchased sows is the easiest and it is possible to deduce it using data presented in Tab. III and from the costs per feeding day during the acclimatisation phase of the herd. We calculate CZK 26.20 per day in the acclimatisation phase; the costs per feeding day are CZK 12.50. The total time in this phase is considered to be 40 days.
A er integrated into the herd, the sow is placed in the breeding facility. The cost function for this phase is constructed using the data from Tabs. III. and IV. Unlike in the acclimatisation phase, the costs in this phase increase because of the nursing costs -wages connected mainly with the insemination process and the observation of sows during the oestrus period (see Tab. II). The time spent in this phase changes for particular sows and it is connected with their ability to get pregnant, see Fig. 1 . This ability is also connected with other costs covering sows' stay in breeding facilities, such as insemination. These costs were calculated to be CZK 139.
A er getting pregnant, sows are removed to gestation facilities, where they are for a constant period of time. The costs calculated for this phase are based on the data presented in Tabs. III and V. For the simulation model use, in which the period is constant, it is possible to substitute these costs connected with the stay in gestation facilities with a lump sum. The farrowing facility is, considering the costs, the most important part of the reproduction farming. The highest costs of the commercial herd cover energy, as piglets require higher temperature, and also wages, due to the necessary assistance of keepers when the sows give birth. It is similar with the water consumption, see Tab. III. The most signifi cant, considering the total costs in the farrowing facility, are feeding costs of lactating sows and of complementary feeding of their piglets.
Due to the variability, caused by the diff erent weaning time of particular simulations and the diff erent number of piglets in particular iterations, it is neither possible to generalise the costs in the farrowing facility or to use a cost function. In our model, we decided to separate feeding doses for sows and feeding doses for piglets.
To calculate the total costs of one sow in the farrowing facility, we used the data from Tab. VI. It is necessary to take into account diff erent weaning times. We consider the weaning time to be 21-28 day. In this case, the phase of the intensive feeding gets longer. If we consider the total stay in the farrowing facility to be 28 day corresponding with the weaning time in 21 days, the intensive feeding takes place between day 14 and day 21, i.e. 7 to 16 days a er the birth.
During the last fi ve days in the farrowing facility, the feeding doses decrease, see Tab. VI, in order to stop lactation. It is necessary to add to the feeding costs also the daily costs presented in Tab. III. The feeding costs of piglets in the farrowing facility are the product of the average costs per feeding day of a piglet in the farrowing facility (CZK 1.14, which is complementary feeding) and their number generated during every iteration, see below. Costs of piglet rearing are calculated as the product of the number of weaners and the costs of a feeding day in the piglet rearing facility.
Incomes
The main income of a pig breeding farm was from sold piglets. The selling weight of piglets may diff er. Piglets are shipped in a large scale and the total weight and the total number is taken into account. For this reason, the average weight is considered for the simulation purposes. The average weight of a sold piglet was 28 kg. This price was computed as an average within the last year. The average price was CZK 56 per kg. The income per sold piglet for purpose of simulation model was computed as the multiple of average price and average weight and is set to CZK 1,568, in our model p p .
The additional income consists of revenues for culled sows, which are sold for meat. But the price of meat from culled sows is lower than the price of pigs produced for meat. We calculate in the model with average weight of culled animals 250 kg and the average price of meat CZK 25 per kg. This income can partially balances costs for purchasing gilts. The diff erence between the purchasing price of gilts and the revenue, when they are sold a er the culling, is represented by so called replacement cost -c r .
Simulated Inputs

Number of Inseminations
A successful insemination is conditioned by oestrus, which was not observed in the used data set. However, these two phenomena were put together which is the number of inseminations. The number of inseminations infl uences the time spent on breeding facility. As well the price of insemination dose is one of the important costs. The number of inseminations was monitored only up to the 9th parity for the same reasons as for the litter size, see below. In order to create this simulation input was used the Distribution Fitting function in the program @RISK (Hardaker and Winston, 2001) . The most suitable were the Truncated Binomial distribution (1) (Johnson and Kotz, 1970) .
Because the probability of conception diff ers from the increasing number of litters, we had to suggest a particular probability distribution function for each litter. In Fig. 2 , we can see the probability mass function (PMF) of becoming gestation and for the fi rst parity. It is the truncated binomial distribution (1) with parameters n = 9 a p = 0.24013, see Fig. 2 . Such distribution is available for every considered litter, i.e. from litter 1 to 9, see Tab. VII. The number of inseminations necessary for farrowing is generated according to this distribution during every iteration.
Litter Size -Number of Piglets in a Particular Litter The litter size depends on the relation to parity. For CL sows, this size went up to the fourth parity and therea er went down. In order to create this simulation input we used the Distribution Fitting function in the program @RISK (Hardaker and Winston, 2001) . The most suitable was the Binomial distribution. Because the probability of conception diff ers from parity to parity, we had to suggest a particular PMF for each one. Parameters of these distributions used in the simulation model are given in Tab. VIII. The litter size was monitored only up to 9 th parity therea er the effi ciency of the sow slopes down mainly because of piglet mortality. In Fig. 3 , we can see the PMF of litter size of CL sows and of the fi rst parity. Because of completeness, we used the input data about culled sows for creating this simulation model.
Simulation Model
Simulation inputs • Costs function in particular facility f a (breeding), would, according to the rules presented in Tab. IX, spend 7 + 4 × 21 days in the breeding facility (the maximum number of inseminations for the fi rst litter equals 4 -vector component a 1 ) and it would be culled a er the farrowing check a er the fourth insemination and a new one would replace it in the reproduction process. If the number of piglets during insemination No. 1 is generated as 6, the sow is culled from the process a er its piglets are weaned, as the minimum number of weaners in the fi rst litter is 7 -vector component b 1 . The simulation model is described in Fig. 4 
RESULTS AND CONCLUSION
In our model, we were working with option, a er which litter the sows should be culled and the weaning time. In fact, we were looking for the extreme of a multi-variable function, in this case of two variables. In calculus, this would be solved using partial derivatives. However, it is not possible in our case. Therefore, we had to test all allowable combinations of the weaning time and the maximum number of litters and determine the maximum average profi t per sow.
At fi rst, we performed 50.000 and 100.000 iterations for diff erent weaning periods and diff erent values of the maximal number of farrowing. We tested eight possible periods of weaning for 21-28 days and seven maximal number of farrowing for 3-9. The total profi tability per year and sow for both numbers of iterations is shown in Tabs. X and XI.
For both models, with 50,000 and 100,000 iterations, it seems as the most effi cient to cull sows a er the eighth litter. The diff erence between the sixth, seventh and eighth litter is minimal, see Tab. XI. The reason is the minimum number of sows which get to a higher than the sixth reproduction cycle. For these reasons, it is common production farming to leave sows in the cycle only to the sixth litter. It is very likely that if we projected in veterinary costs the model, there would be no profi tability a er the sixth litter.
Considering the weaning process, the model proved that shorter weaning time brings higher profi ts. Unlike the number of litters (see the previous paragraph), the diff erences are most evident. To be more objective, it is necessary to note that the shorter weaning time may cause problems in the following inseminations. The reason is the unfi nished uterine involution of some sows. Opinions on this topic diff er, see Kiracofe (1980) . In modern commercial herds, the weaning time of 21 days is commonly used.
Regarding the variability, the optimal weaning time of 21 days is the lowest of the all considered times, see Tab. XII. The highest variability is reached, in the model with 100,000 iterations and eight litters, for the weaning times in 22 days.
The average length of the meantime in our model is 149 days and the turnover rate is 2.45. When considering the theoretical value of 141 days (21 day weaning time), it represents an increase by eight days due to repeated inseminations.
Another output of the simulation model is the capacity of particular sections during the year. The values presented in Tab. XIII, show how the capacity of these sections should be set up in the chosen operation mode. Considering the total capacity of 581 sows in the farm and the mode arising from the simulation, the original dispositions of the farm should be changed in accordance in respect to the following table.
The analysis also shows that the original capacity of the piglet rearing facility would be, considering the optimal profi tability, too high, as the model comes with the mean required of 1,017 places. The average number of litter per sow till its culling is 3.112. The herd structure, regarding the number of litter, is characterised by Tab. XIV.
As was mentioned in the methodology part, one of the most important questions of the pig breeding process with a great economic impact is the culling policy. This policy is closely connected with purchasing gilts and herd replenishing. Incomes for culled sows can balance the cost for purchasing gilts only partially. The most important culling reason in our model was farrowing -67.16%. The second reason for culling was pregnancy -29.36%. The age represented with number of parities was from that point of view culling negligible -only 3.48% of sows were culled a er eighth parity. The aim of this study was to design a simulation model and verify its usability in terms of one specifi c farm. The presented economic results of the proposed model are therefore tied to the farm in which the model was applied and the obtain outcomes serve to illustrate the use of the model. The implementation in other farms is conditioned not only by setting of specifi c economic variables which are associated with the production of piglets, but particularly with obtaining a suffi cient number of observations for modelling key reproduction characteristics. The model is designed to allow us to fi nd, in diff erent farms, a confi guration of variables, which are optimal from their economic performance point of view. Besides the assessed weaning period and the maximum number of parities, it is possible, in presented model, to study the infl uence of culling policy which, especially in breeds with better health conditions, may signifi cantly infl uence the overall economic results. An additional output of the model is a loading of particular sections of the farm, which allows to adapt the technology to the changed production conditions.
